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Abstract 

Multidimensional shearforce-based constant-distance mode scanning electrochemical microscopy (4D SF/CD-SECM) was utilized 
for the investigation of the activity distribution of oxygen reduction catalysts. Carbon-supported Pt model catalyst powders have 
been immobilized in recessed microelectrodes and compared to a spot preparation technique. Microcavities serve as platform for 
the binder-free catalyst sample preparation exhibiting beneficial properties for constant-distance mode SECM imaging concerning 
modified surface area and catalyst loading. The integration of the redox competition mode of SECM into the detection scheme of 
the 4D SF/CD mode is demonstrated for specifically adapting high-resolution SECM experiments to powder-based catalyst prepa- 
rations. 

Introduction 

In scanning electrochemical microscopy (SECM) [1,2] an ultra- 
microelectrode, which is referred to as the SECM tip, is moved 
in close distance in a grid- wise manner over a sample surface. 
The resulting tip current is detected as a function of the tip pos- 
ition within the scanned grid, thus enabling visualization of the 
local electrochemical activity of the investigated sample surface 
caused by local variations of reaction rates. The tip current is, 
however, distance dependent and variations in the topography 
as well as in the local reactivity of the sample surface may both 



affect the tip response. Therefore, an unambiguous interpreta- 
tion of the current response can only be realized by discrimin- 
ation between the impact of topography and local reactivity by 
means of a constant-distance mode (cd-mode) positioning of the 
SECM tip in known and constant distance to the sample 
surface. The basis of cd-mode scanning is the control of the tip- 
to-sample separation by means of an additional electrochem- 
istry-independent but distance-dependent analytical signal. 
Among other strategies for cd-mode imaging like the tip-pos- 
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ition modulation mode (TPM) [3], AFM-SECM [4,5] and 
SECM-SICM [6,7], AC-SECM [8], the soft stylus probe [9,10] 
and the intermitted contact mode (IC-SECM) [11], the shear- 
force-based constant-distance mode [12-14] has been widely 
used and demonstrated its feasibility for high-resolution SECM. 
Furthermore, decoupling of the working distance of the electro- 
chemical detection from the typically very short working 
distances required for cd-mode imaging was established 
recently proposing a 4D shearforce-based constant-distance 
mode (4D SF/CD-SECM) [15]. As a general strategy of tip 
movement it provides a tool to increase the analytical content of 
a single cd-mode SECM experiment and it is independent of the 
applied distance control mechanism. The concept of 4D 
CD-SECM was recently extended to intermittent contact- SECM 
[16]. 

Here, we describe the adaptation of the 4D SF/CD-SECM to the 
investigation of the activity of powdery oxygen reduction cata- 
lysts. In order to understand the properties of catalyst powders 
on a local scale, like, e.g., the distribution of activity within the 
catalyst material or initial processes of degradation, experi- 
ments have to be conceived which allow investigating the cata- 
lysts as close as possible to the conditions at which they are 
intended to be used. SECM is a promising tool in that respect. 
Typically, catalyst powders as samples for SECM investi- 
gations are immobilized as spots onto conductive plates such as, 
e.g., glassy carbon or conducting glasses. An example for such 
an investigation of catalyst libraries can be found in [17] and 
the local investigation of the activity of catalyst spots at 
elevated temperatures was recently described in [18]. 

In this contribution, we demonstrate the feasibility of 4D SF/ 
CD-SECM to the topography-corrected investigation of the 
oxygen consumption profile of catalyst spots using commer- 
cially available model catalyst for the oxygen reduction reac- 
tion (ORR). Furthermore, recessed microelectrodes fabricated 
by etching inlayed Au disk microelectrodes are demonstrated as 
a flexible platform for immobilization of catalyst powders for 
cd-mode SECM experiments. The microcavities (also referred 
to as micropores) have already demonstrated their applicability 
for integral investigations of the activity of catalyst powders 
[19-26]. More recently recessed microelectrodes were already 
used for the visualization of powder catalyst activity using 
SECM [27,28]; however, cd-mode imaging and consequently 
topography-corrected activity determination was not described 
until now. Furthermore, the proposed 4D SF/CD mode provides 
the possibility to perform various complex electrochemical 
experiments at each grid point and in several known and 
constant distances to the contour of the sample surface. The 
combination of the transient redox competition mode (RC- 
SECM) [29,30] with the 4D SF/CD mode (by analogy named as 



4D SF/CD-RC-SECM) for high-resolution SECM investi- 
gations of heterogeneous oxygen reduction catalysts is intro- 
duced as a strategy to further adapt the SECM detection scheme 
towards local visualization of ORR catalyst activity with high 
resolution. 

Results and Discussion 
Constant-distance mode imaging of catalyst 
spots 

The investigation of the activity of catalysts for ORR using 
SECM is commonly performed in a competition arrangement. 
A scheme of this variation of the generator/collector mode is 
shown in Figure la. The sample is polarized at a sufficiently 
low potential to reduce oxygen. Due to the catalyst reaction, 
oxygen is consumed and a gradual depletion of oxygen in front 
of the sample area occurs (consumption profile). Simultane- 
ously, the tip is also polarized at a potential to reduce oxygen. 
Thus, sample and tip compete for the oxygen inside the gap 
between tip and sample which represents a leaking thin layer 
electrochemical cell. Due to the depletion of oxygen in the gap, 
a diffusion gradient is established leading to an in-diffusion of 
oxygen into the gap. Thus, depending on the tip-to-sample dis- 
tance and the rates for oxygen reduction at tip and sample a 
stationary oxygen concentration is established within the gap. 
Hence, the tip current is modulated by the rate of oxygen reduc- 
tion at the sample. The magnitude of current decrease at the tip 
in a competition experiment is visualizing the sample activity. 

The topography image of a catalyst spot prepared from a 
commercially available ORR catalyst (Pt/C with 20 wt % Pt on 
Vulcan XC72 from ETEK) in a 4D SF/CD-SECM scan is 
shown in Figure lb. The linescan started at a position above the 
glassy carbon plate and was performed towards the centre of the 
catalyst spot. Beside the formed outer ring with high catalyst 
loading due to a coffee drop effect [31,32], the topography of 
the catalyst spot was successfully visualized using shearforce- 
based positioning. The topographic features of the catalyst spot 
are also seen in the micrograph in the insert of Figure lb. The 
oxygen consumption profile obtained during the same linescan 
is displayed in Figure lc. The oxygen reduction current at the 
tip substantially decreases when the tip passes the border 
between glassy carbon plate and catalyst spot indicative for the 
ORR activity of the deposited powder catalyst. Variations of the 
tip current within the spot were detected showing a higher 
catalytic activity at positions with higher catalyst loading. Due 
to the cd-mode scanning, the current decrease above positions 
with higher catalyst thickness is independent from changes in 
the tip-to-sample distance and the observed tip response is 
therefore unambiguously allocated to the local catalyst activity 
for ORR. This experiment demonstrates the feasibility of the 4D 
SF/CD mode for studying the local activity of catalyst spots 
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Figure 1 : 4D SF/CD-SECM for the investigation of the catalytic activity towards oxygen reduction, a) Scheme of the competition mode, b) Topo- 
graphic linescan across a spot of Pt/C catalyst with 20 wt % Pt on a glassy carbon plate obtained in the shearforce-based cd-mode of SECM. The 
topography is displayed as the z-piezo position of the tip after reaching the predefined stop criterion of the shearforce interaction (point of closest ap- 
proach). The insert shows an optical micrograph of the investigated spot and the arrow marks the scan position and direction, c) Oxygen consump- 
tion profile above the line displayed in b) visualized as a x,Az,i-image, where Az represents the distance of the current detection from the point of 
shearforce interaction. E S ampie = -300 mV, E t j P = -600 mV, c/ t ip = 0-8 [J m . W = 356.7 kHz, stop criterion: 5% change of the lock-in signal in bulk. 



removing any impact from the sample topography. The accu- 
racy of the shearforce-based tip positioning enables to follow 
the contour of the catalyst spot using comparatively stiff glass- 
insulated Pt tips in non-optical cd-mode. However, the visual- 
ization of the local catalytic activity of complete catalyst spots 
using SECM tips with sizes <5 jim is practicable only to a 
limited extent. The large size of the spots considerably increases 
the duration of cd-mode SECM experiments and electrolyte 
evaporation or electrode fouling may lead to unpredictable 
errors. The reduction of the time needed for a single SECM 
experiment using larger tip electrodes and/or increased 
distances between the grid points contradict the demand for 
high-resolution investigations. Using established spot prepar- 
ation methods such as ink-jet dispensing it is possible to reduce 
the spot diameter to about 1 00 urn concomitantly depositing a 
substantially smaller catalyst loading leading to a decreased 
contrast in related SECM images. In order to overcome these 
drawbacks, an alternative sample preparation protocol based on 



the utilization of recessed microelectrodes as flexible platform 
for catalyst immobilization was applied for cd-mode SECM 
imaging. 

Microcavities as flexible platform for sample 
preparation in constant-distance mode SECM 

The requirement of a small catalyst-modified area with simulta- 
neously high catalyst loadings are met by the application of 
recessed microelectrodes whose cavities are filled with the 
desired catalyst powder. The bottom of the microcavity forms 
the electrical contact and the thickness of the investigated cata- 
lyst material is determined by the depth L of the cavity (see 
Figure 2a). This sample preparation is fast, enables an easy 
exchange of catalyst powder, is applicable for quantitative 
studies and the modified surface area is determined by the 
opening of the cavity [25,26]. The fabrication of nanometre- 
sized recessed electrodes have already been reported [33,34] 
and a further miniaturization of the modified surface area is 
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Figure 2: a) Scheme of a microcavity used as platform for catalyst immobilisation in cd-mode SECM investigations, b) Topography of the cavity 
obtained by means of shearforce-based cd-scanning and a corresponding linescan shown in c). d) Scheme of the microcavity electrode filled with 
catalyst powder. Optical micrographs of the cavity electrode before e) and after f) filling with catalyst powder. Residues of the black Pt/C catalyst are 
visible at the glass insulation and are removed before the filled cavity is inserted in the SECM measuring cell, g) Micrograph of the setup for 4D SF/ 
CD-SECM experiments with the tip positioned next to the microcavity. The glass body of the used reference electrode is visible in the front. 



therefore possible. Furthermore, immobilization of the catalyst 
powder within the cavity of the recessed microelectrode allows 
for avoiding any binder additive such as, e.g., Nafion that is 
commonly used for rotating disk electrode studies or spot 
preparation [23]. Since the influence of Nafion on the catalytic 
activity is still not fully understood [35-37], the investigation of 
the catalyst material in absence of any binder is an additional 
advantage of this sample preparation method. In order to 
generate a microcavity, polished disk-shaped gold electrodes 
with a diameter of 100 jim were electrochemically etched in 
HC1 using 10 potentiodynamic cycles. The depth of the formed 
cavity was investigated by shearforce-based cd-mode scanning 
and a complete topography image and a corresponding topo- 
graphic linescan across the centre of the cavity are displayed in 
Figure 2b and Figure 2c, respectively. 

The depth L was determined to be about 19 jim with an inho- 
mogenous contour of the bottom of the microcavity. Obviously, 



the material removal at the edges of the cavity was more effi- 
cient than at the centre leading to a protruding structure of the 
cavity bottom. Similar results were previously shown for chem- 
ically etched Pt disk electrodes [25]. However, the non-flat 
cavity bottom does not impede with the function as a conduc- 
tive contact for the catalyst powder filled into the cavity. The 
depth of about 1 9 jim allows high catalyst loadings making any 
impact of bottom irregularities on the activity determination 
being negligible. The microcavities were further used for cata- 
lyst immobilization and manually filled with the catalyst 
powder (Figure 2d). The result of the filling procedure was 
examined by means of optical microscopy (Figure 2e and 
Figure 2f). Subsequently, the prepared catalyst-filled micro- 
cavity electrode was integrated into a specifically designed 
measuring cell for cd-mode SECM experiments (Figure 2g). As 
a matter of fact, it is important to elucidate that the Au bottom 
of the recessed microelectrode does not have a major impact on 
the measured catalytic activity for ORR. A partly filled micro- 
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cavity (Figure 3 a) was analysed by means of 4D SF/CD-SECM 
in the competition arrangement. Although the tilt between the 
scanning plane and the surface of the microcavity electrode was 
compensated by the distance control it was visible in the topo- 
graphy image displaying the z-position of the tip when the stop 
criterion of the shearforce signal was obtained. In order to 
enhance the contrast, the tilt was subtracted and the visualiza- 
tion of the resulting sample topography is shown in Figure 3b. 
The lateral inhomogeneous filling of the microcavity with the 
catalyst powder is clearly visible. With respect to the sur- 
rounding glass plane the catalyst filling is elevated by about 1 to 
2 um. Additionally, the unfilled part of the cavity can be distin- 
guished, however, due to the size of the glass sheath of the tip, 
an edge effect is obtained allowing the tip only to move into the 
cavity at distances from the edge being larger than half of the 
overall tip diameter. The tip current at closest tip approach is 
displayed in Figure 3c showing a decrease of the tip current 
exclusively above areas filled with catalyst material. The 
current detection of the 4D SF/CD mode is sensitive enough to 
visualize the fine structure of the filling and even the thin cata- 
lyst layer at the left side of the cavity was distinguished as a 
location of higher catalytic activity. No interference of the free 
Au bottom was detected at an applied sample potential of 
-300 mV. 

4D constant-distance mode RC-SECM (4D 
SF/CD-RC-SECM) 

The redox competition mode of scanning electrochemical 
microscopy (RC-SECM) is a specially designed SECM detec- 
tion mode for the investigation of oxygen reduction catalysts 
[29,30]. The current measurement is performed at the tip and a 
further increase of the lateral resolution by utilization of smaller 
electrodes is therefore possible [29]. In order to enable a precise 
positioning of small electrodes also for the RC mode, the detec- 
tion scheme was integrated in the 4D SF/CD-SECM. This 
combination leads to the concept of 4D SF/CD-RC-SECM as 
illustrated in Figure 4. As a variation of the 4D shearforce- 
based constant-distance mode the tip is vibrated at its own reso- 
nance frequency and approached towards the sample surface 
under shearforce control until the predefined stop criterion is 
reached (Figure 4a). After precise positioning of the tip within 
the shearforce interaction regime, the resulting z-position is 
stored to visualize the sample topography (Figure 4b). The 
concept of 4D SF/CD-SECM provides the possibility to 
perform any anticipated electrochemical experiment at each grid 
point and each tip-to- sample separation. Integration of the tran- 
sient redox competition mode of SECM is performed by imple- 
menting a potential pulse profile that is applied at the tip and the 
time-resolved detection of the current response is performed 
(Figure 4c and 4d). After completion of the stepwise retraction 
the tip is moved to the next grid point (Figure 4e) and the proce- 
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Figure 3: 4D SF/CD-SECM experiment at a partly filled microcavity. 
a) Optical micrograph with a scheme of the catalyst filling, b) topo- 
graphy and c) current image at the point of closest approach. E S ampie = 
-300 mV, E tip = -600 mV, c/ t j p = 1 .6 um, f osc = 299.4 kHz, stop crite- 
rion: 15%. 

dure of shearforce-based positioning and retraction with simul- 
taneous data acquisition is repeated. By using the constant-dis- 
tance mode RC-SECM, local chronoamperograms are recorded 
at different but constant tip-to-sample separations at each point 
of the scanned grid. This enables the determination of the 
complete time-depended oxygen consumption profile in 
constant tip-to-sample separations far outside the restricted 
range of the shearforce interaction. In accordance with the 
previously proposed terminology of multidimensional SECM 
and the transient character of the 4D SF/CD-RC-SECM, this 
mode is a 5D measuring technique (i vs t vs x-, y-, z-position). 
The representation of the multidimensional data set is option- 
ally realized by horizontally sliced current images in different 
tip-to-sample distances at discrete points of time. Alternatively, 
a set of vertical oxygen consumption profiles can be extracted. 
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Figure 4: Concept of the 4D SF/CD-RC-SECM. Similar to the 4D SF/CD mode the tip is positioned within the shearforce-interaction regime by means 
of a z-approach curve (a and b). Data acquisition is performed in subsequent retraction steps (c and d) set out from the point of closest approach. To 
additionally implement the redox competition mode, a variable potential pulse profile is performed at each tip-to-sample distance. During a competi- 
tion pulse tip and sample compete for the oxygen inside the gap and a time-dependent current decay curve is recorded at the tip enabling a time- 
resolved analysis of the oxygen concentration within the gap. After completion of the retraction the tip is moved to the next grid point (e) and the 
procedure is repeated starting with the shearforce-based positioning (a). 



Figure 5 shows the application of the 4D SF/CD-RC mode to a 
polished Pt disk electrode as model sample for an ORR catalyst. 

A tilt of the surface is visible in the topography image 
(Figure 5a) and the Pt surface is elevated by about 200 nm 
above the glass insulation. The area above the active Pt disk is 
clearly distinguishable as a location with increased oxygen 
consumption (Figure 5b-e). The contrast decreases with larger 
working distances representing the diminution of the vertical 
oxygen consumption profile as displayed in Figure 5f. This 
result shows the feasibility of the proposed 4D SF/CD-RC- 
SECM for the visualization of the local catalyst activity for 
ORR. In order to proof the applicability of the 4D SF/CD-RC- 
SECM for the evaluation of the catalytic activity of powder 
catalysts, a Pt/C filled microcavity was investigated (Figure 6). 



The filled cavity is visible as a maximal 3 urn recessed area in 
the topography image displayed in Figure 6a. A decreased 
oxygen concentration was successfully detected above the filled 
cavity and the current images at increasing tip-to-sample sepa- 
rations (Figure 6c and d) show the expansion of the oxygen 
consumption profile into the electrolyte solution. 

Apart from the local catalytic activity, the contrast of a 
RC-SECM experiment depends on several parameters like, e.g., 
the RG value and the size of the tip, the tip-to-sample sep- 
aration, the applied pulse profile and the time of data acquisi- 
tion [29]. Due to this complex multiparameter system, the 
experimental conditions for the best data acquisition varies for 
each measurement. By means of the 4D SF/CD-RC-SECM a 
technique is accessible that enables a time-dependent data 
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Figure 5: 4D SF/CD-RC-SECM experiment at a 100 urn diameter Pt disk electrode as model sample for an ORR catalyst, a) Topography image, 
b)-e) horizontal current image at the point of shearforce contact and in increments of 5 urn after tip retraction, f) Oxygen consumption profile (verti- 
cally-sliced current image). E samp i e = -600 mV, E t jp ibase = 0 mV, E t j PiPU | Se i = 0 mV, f pu | Se i = 0.5 s, E t j PiPU | Se 2 = -600 mV, f pu | Se2 = 0.5 s, pictures 
displayed at t = 0.25 s, c/ t ip = 3.4 urn, f osc = 318.2 kHz, stop criterion: 5%. 



acquisition at various constant working distances. As a result, 
the conditions for the best contrast of a SECM experiment are 
chosen after the SECM investigation is completed without the 
demand of knowing the exact contribution of each parameter 
beforehand. Moreover, we recently demonstrated that the reac- 
tion at a continuously polarized tip may actively influence the 
detection of the local oxygen concentration inside the gap 
between tip and sample [38,39]. As a consequence, the oxygen 
detection is superimposed by effects caused by the tip reaction 
and the tip is not acting as a passive spectator. Using the flex- 
ible potential pulse profile of the 4D SF/CD-RC mode the tip 
can be polarized to the oxygen reduction potential for only a 



very short time. Thus, the diffusion field in front of the elec- 
trode is restricted and an influence of the tip reaction on the 
imaging result is minimized. 

Conclusion 

The application of the 4D shearforce-based constant-distance 
mode for the investigation of the activity of ORR catalyst 
powders enables the visualization of the activity distribution 
within a catalyst spot avoiding any convolution due to topo- 
graphy effects. Catalyst-filled microcavities were successfully 
used as platform for the immobilization of catalyst powders. No 
influence of the underlying gold support on the determined 
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Figure 6: 4D SF/CD-RC-SECM experiment at a microcavity filled with a Pt/C model catalyst. Topography image a) and current images at b) the point 
of shearforce-contact d, c) d + 4 urn, and d) d + 20 urn. E samp i e = -300 mV, E t jp iba se = 500 mV, E t ip,puisei = 500 mV, f pu | Se i = 0.5 s, E t ip,puise2 = 
-600 mV, f pu ise2 = 0-5 s, images displayed at t = 0.25 s, d^ p = 1.9 urn, f osc = 366.7 kHz, stop criterion: 5%. 



local catalyst activity has been detected. Additionally, integra- 
tion of RC-SECM in the detection scheme of the 4D SF/CD 
mode was successfully applied for the investigation of catalyst 
filled microcavities. 

Catalysts for industrial applications are typically operated at 
elevated temperatures. Due to the availability of a temperature- 
controlled SECM setup [18] and the recently demonstrated 
capability of the tip-to-sample distance determination via shear- 
force-based approach curves in front of a heated surface [40], 
future work aims towards the high-resolution detection of 
catalytic activity at elevated temperatures. 

Experimental 
Chemicals and materials 

All chemicals were used as received without further purifica- 
tion and all aqueous solutions were prepared using ultrapure 
water (Siemens Water Technologies, Barsbiittel, Germany). The 
electrochemical characterization of the SECM tips, microelec- 
trodes, and recessed microelectrodes as sample surfaces were 
performed by means of cyclic voltammetry in an electrolyte 
containing 5 mM [Ru(NH 3 ) 6 ]Cl 3 (ABCR, Karlsruhe, Germany) 
and 100 mM KC1 (Riedel-de Haen, Seelze, Germany) as back- 
ground electrolyte. As a model catalyst a commercial 



nanoporous ORR catalyst from ETEK (Natick, USA) with 
20 wt % Pt on Vulcan XC72 was used. An air saturated 0. 1 M 
sodium phosphate buffer (pH 7, VWR International, Darmstadt, 
Germany) was used for all investigations of the catalytic 
activity towards ORR. 

Platinum wires with diameters of 25 jim, 100 jim and 250 jim 
and a gold wire with a diameter of 1 00 jim were from Good- 
fellow (Bad Nauheim, Germany). Borosilicate glass capillaries 
(length 100 mm, outside 0 1.5 mm, inside 0 0.75 mm) were 
purchased from Hilgenberg (Malsfeld, Germany) while quartz 
glass capillaries (length 95 mm, outside 0 0.9 mm, inside 
0 0.3 mm) were from Quarzschmelze Illmenau (Illmenau, 
Germany). 

SECM instrumentation and tip preparation 

A specifically designed SECM setup was used for all experi- 
ments and the main components have been described previ- 
ously [15]. The SECM tip was stationary and the electrochem- 
ical measuring cell with the sample at the bottom movable by a 
stage of three joined stepper motors (SPI Robot Systems, 
Oppenheim, Germany). The nominal resolution in x-, y-, and 
z-direction was 10 nm per microstep. Additionally, a three axis 
piezo-positioning system (Nanocube P-611.3S, Physik Instru- 
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mente, Waldbronn, Germany) with strain gauge position 
sensors was used. The total travel length was 100 jim in each 
direction with a minimum step width of 1 nm and a repro- 
ducibility <10 nm. 

The 4D shearforce-based constant-distance mode [15] with non- 
optical shearforce detection was used for all SECM measure- 
ments. A piezoelectric detection system (Sensolytics, Bochum, 
Germany) that consists of two piezoelectric plates each of them 
glued onto a brass holder was used for the detection of the 
shearforce interaction. For the piezo-piezo detection these piezo 
elements have been directly attached to the electrode body as 
reported in [13,41]. The needle shaped electrode is set into 
vibration at its own resonance frequency (f osc ) by means of the 
first attached piezo element. Changes of the vibration magni- 
tude and phase shift are detected by the second piezo element 
that is closely positioned at the very end of the non-tapered 
electrode body. Excitation and low-noise determination of the 
tip vibration were realized by a lock-in amplifier (model 7280, 
Signal Recovery, Wokingham, UK). Electrode potentials and 
data acquisition were controlled by a bipotentiostat model PG 
100 (Jaissle Elektronik, Waiblingen, Germany) in combination 
with a 16 bit AD/DA board (PCI-2517, Plug-In Electronics, 
Eichenau, Germany). In order to minimize electrostatic noise, 
the whole system was placed in a Faraday cage. The in-house 
written software for controlling the SECM setup was 
programmed in Visual Basic 6.0 (Microsoft, Unterschleissheim, 
Germany). The tip movement of the 4D shearforce-based 
constant-distance mode includes a shearforce-based approach 
curve until a predefined vibration change (stop criterion, typi- 
cally in the range of 5-15%) is reached. Subsequently, a step- 
wise retraction of the tip with simultaneous data acquisition at 
each pre-defined tip-to-sample separation is performed. Diffu- 
sion profiles exceed far the geometric dimensions of the investi- 
gated surface structure. The collection of electrochemical data 
in z-direction requires therefore comparable large distances 
towards the sample surface. After lateral displacement, the tip is 
approached until the shearforce interaction range (usually 
observed at distances <300 nm) is reached again. In order to 
decrease the timescale of the tip approach, the procedure of the 
4D SF/CD-SECM was supplemented with a predefined dis- 
tance that is approached with a fast speed (typically 10 um/s). 
Only the last few microns are afterwards approached at slow 
speed (e.g., 0.5 jim/s) that is required for the accurate shear- 
force-based positioning. 

Vibratory needle shaped SECM tips were fabricated by means 
of a laser puller P-2000 from Sutter Instruments (Novato, USA) 
following an earlier published procedure [42]. Parameters for 
the sealing step were: Heat 810, Filament 5, Velocity 100, 
Delay 120, Pull 1 (repetition of 8-11 cycles, 20 s on and 40 s 



off). For the pulling step Heat 870, Filament 5, Velocity 130, 
Delay 150, Pull 220 was used. The platinum of the fabricated 
SECM tips was exposed by cutting the very end of the pulled 
Pt/capillary assembly with a blade under microscopic control 
(BX41, Olympus, Hamburg, Germany). For polishing a 
machine like in [42] was used. The electrodes were character- 
ized by means of optical inspection under the microscope and 
by cyclic voltammetry with [Ru(NH3)g] 3+ as redox mediator. 
The size of the disk shaped electrodes was calculated using the 
diffusion limited steady state current and i = AnFDcr (n\ number 
of electrons transferred per molecule, F: Faraday constant, D: 
diffusion coefficient, c: bulk concentration of the electroactive 
species and r. radius of the active electrode surface). A diffu- 
sion coefficient of 9.1 x 10" 6 cmV 1 for [Ru(NH 3 ) 6 ] 3+ in KC1 
[43] was used. In all experiments a coiled Pt-wire (0 250 um) 
counter electrode and a home build miniaturized Ag/AgCl (3 M 
KC1) reference electrode was used. 

Sample Preparation 

Catalyst spots 

Spots of ORR catalyst powders were prepared by using a cata- 
lyst suspension applied by means of a piezoceramic spotter 
(model SciFA DW with tip PDC 80 from Scienion; Dortmund, 
Germany) onto polished (0.3 um alumina paste) glassy carbon 
plates (Sigradur G, 1 mm thickness, HTW, Thierhaupten, 
Germany). 1 mL of the catalyst suspension consisted of 2.5 mg 
catalyst powder in a solution of 49.5% ethanol, 49.5% water 
and 1%> Nafion (solution of 5 wt % Nafion from Sigma- Aldrich, 
Steinheim, Germany). The spot was prepared by 3200 droplets 
dispensing 45 pL of catalyst suspension per droplet. 

Microelectrodes and microcavities 

All SECM investigations of microelectrodes and microcavities 
as SECM sample were performed with a specifically designed 
measuring cell that enables an upstanding positioning of the 
electrode relative to the SECM tip (see also Figure 2g). All 
electrodes used as sample surface in SECM experiments had a 
total length of 2.5 cm. They were screwed upright inside the 
bottom of the measuring cell via a fitting and a corresponding 
O-ring. A polished Pt disk electrode with a diameter of 100 jim 
embedded in a large glass sheath with an overall outer diameter 
of 1.5 mm was used as a model sample for 4D SF/CD-RC- 
SECM experiments. Microcavities as platforms for catalyst 
immobilization were prepared via electrochemical etching of 
Au microelectrodes with diameters of 100 urn After polishing 
of the initial Au disc electrode and cleaning for 15 min in 
distilled water in an ultrasonic bath electrochemical cleaning by 
means of potentiodynamic cycling (potential range: 0 mV to 
1700 mV, scan rate: 200 mV s -1 , 20 cycles) in 0.5 M sulfuric 
acid and subsequent electrochemical characterisation of the 
cleaned disk electrode was performed. Electrochemical etching 
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was performed in 6 M HC1 by cyclic voltammetry (potential 
range: 100 mV to 1300 mV, scan rate: 500 mV s -1 , 10 cycles). 
The chloride ions act as a complexing agent and at a potential of 
about 1100 mV etching of gold is performed [44]. After 
completion of the etching remaining impurities were removed 
by an ultrasound washing step in water and electrochemical 
cleaning in H2SO4. The recessed electrode was characterised by 
means of CV in 5 mM [Ru(NH 3 ) 6 ]Cl 3 and 100 mM KC1. The 
formed microcavity was filled with the catalyst powder by 
pressing the etched electrode in a small amount of catalyst ma- 
terial on a glass slide. Circular movements of the electrode on 
the glass plate lead to a homogeneous filling of the cavity. 
Excess catalyst material was removed with a tissue under 
microscopy control until the catalyst filling was lined up 
precisely with the surrounding glass sheath. 

Acknowledgements 

The authors are grateful to Dr Kathrin Eckhard for discussions 
at the beginning of the project, to Dr Andrea Puschhof for 
preparation of the Pt/C catalyst spots, and Alexander Botz for 
his contribution during his practical work. Financial support in 
the framework of the Helmholtz-Energie-Allianz "Stationare 
elektrochemische Speicher und Wandler" (HA-E-0002) and 
from the Cluster of Excellence RESOLV (DFG EXC 1069) is 
gratefully acknowledged. 

References 

1. Bard, A. J.; Fan, F. R. F.; Kwak, J.; Lev, O. Anal. Chem. 1989, 61, 
132-138. doi:10.1021/ac00177a011 

2. Engstrom, R. C; Weber, M.; Wunder, D. J.; Burgess, R.; Winquist, S. 
Anal. Chem. 1986, 58, 844-848. doi:10.1021/ac00295a044 

3. Wipf, D. O.; Bard, A. J.; Tallman, D. E. Anal. Chem. 1993, 65, 
1 373-1 377. doi:1 0.1 021/ac00058a01 3 

4. Macpherson, J. V.; Unwin, P. R. Anal. Chem. 2000, 72, 276-285. 
doi:10.1021/ac990921w 

5. Kranz, C; Friedbacher, G.; Mizaikoff, B.; Lugstein, A.; Smoliner, J.; 
Bertagnolli, E. Anal. Chem. 2001, 73, 2491-2500. 
doi:10.1021/ac001099v 

6. Comstock, D. J.; Elam, J. W.; Pellin, M. J.; Hersam, M. C. Anal. Chem. 
2010, 82, 1270-1276. doi:10.1021/ac902224q 

7. Takahashi, Y.; Shevchuk, A. I.; Novak, P.; Murakami, Y.; Shiku, H.; 
Korchev, Y. E.; Matsue, T. J. Am. Chem. Soc. 2010, 132, 
10118-10126. doi:10.1021/ja1029478 

8. Alpuche-Aviles, M. A.; Wipf, D. O. Anal. Chem. 2001, 73, 4873-4881. 
doi:10.1021/ac010581q 

9. Cortes-Salazar, F.; Trauble, M.; Li, F.; Busnel, J.-M.; Gassner, A.-L.; 
Hojeij, M.; Wittstock, G.; Girault, H. H. Anal. Chem. 2009, 81, 
6889-6896. doi:10.1021/ac900887u 

10. Cortes-Salazar, F.; Momotenko, D.; Lesch, A.; Wittstock, G.; 
Girault, H. H. Anal. Chem. 2010, 82, 10037-10044. 
doi:10.1021/ac1019304 

1 1 . McKelvey, K.; Edwards, M. A.; Unwin, P. R. Anal. Chem. 2010, 82, 
6334-6337. doi:10.1021/ac101099e 

12. Ludwig, M.; Kranz, C; Schuhmann, W.; Gaub, H. E. Rev. Sci. Instrum. 
1995, 66, 2857-2860. doi: 10.1 063/1 .1 145568 



13. Ballesteros Katemann, B.; Schulte, A.; Schuhmann, W. Chem.-Eur. J. 
2003, 9, 2025-2033. doi:10.1002/chem.200204267 

14. James, P. I.; Garfias-Mesias, L. F.; Moyer, P. J.; Smyrl, W. H. 

J. Electrochem. Soc. 1998, 145, L64-L66. doi:10.1149/1 .1838417 

15. Nebel, M.; Eckhard, K.; Erichsen, T.; Schulte, A.; Schuhmann, W. 
Anal. Chem. 2010, 82, 7842-7848. doi: 10.1021/ac1 008805 

16. Lazenby, R. A.; McKelvey, K.; Unwin, P. R. Anal. Chem. 2013, 85, 
2937-2944. doi:10.1021/ac303642p 

17. Fernandez, J. L.; Walsh, D. A.; Bard, A. J. J. Am. Chem. Soc. 2005, 
127, 357-365. doi:10.1021/ja0449729 

18.Schafer, D.; Puschhof, A.; Schuhmann, W. Phys. Chem. Chem. Phys. 
2013, 15, 5215-5223. doi:10.1039/c3cp43520b 

19. Cha, C. S.; Li, C. M.; Yang, H. X.; Liu, P. F. J. Electroanal. Chem. 
1994, 368, 47-54. doi:1 0.1 01 6/0022-0728(93)03016-1 

20. Vivier, V.; Cachet-Vivier, C; Cha, C. S.; Nedelec, J.-Y.; Yu, L. T. 
Electrochem. Commun. 2000, 2, 180-185. 

doi: 1 0. 1 01 6/S1 388-2481 (00)00004-7 

21. Cachet-Vivier, C; Vivier, V.; Cha, C. S.; Nedelec, J.-Y.; Yu, L. T. 
Electrochim. Acta 2001, 47, 181-189. 

doi: 1 0. 1 01 6/S001 3-4686(01 )00549-7 

22. Umeda, M.; Kokubo, M.; Mohamedi, M.; Uchida, I. Electrochim. Acta 
2003, 48, 1367-1374. doi: 10.1 01 6/S001 3-4686(03)00002-1 

23. Guilminot, E.; Corcella, A.; Chatenet, M.; Maillard, F. 
J. Electroanal. Chem. 2007, 599, 111-120. 

doi: 1 0. 1 01 6/j.jelechem.2006.09.022 

24. Vertova, A.; Barhdadi, R.; Cachet-Vivier, C; Locatelli, C; Minguzzi, A.; 
Nedelec, J.-Y.; Rondinini, S. J. Appl. Electrochem. 2008, 38, 965-971. 
doi: 1 0. 1 007/sl 0800-008-9507-5 

25. Locatelli, C; Minguzzi, A.; Vertova, A.; Cava, P.; Rondinini, S. 
Anal. Chem. 2011, 83, 2819-2823. doi:10.1021/ac200286q 

26. Minguzzi, A.; Locatelli, C; Cappelletti, G.; Bianchi, C. L.; Vertova, A.; 
Ardizzone, S.; Rondinini, S. J. Mater. Chem. 2012, 22, 8896-8902. 
doi:10.1039/c2jm15750k 

27. Kishi, A.; Inoue, M.; Umeda, M. J. Phys. Chem. C2010, 1 14, 
1 1 1 0-1 1 1 6. doi: 1 0. 1 02 1 /jp90901 Oq 

28. Kishi, A.; Shironita, S.; Umeda, M. J. Power Sources 2012, 197, 88-92. 
doi:1 0.1 01 6/j.jpowsour.201 1.08.010 

29. Eckhard, K.; Chen, X.; Turcu, F.; Schuhmann, W. 
Phys. Chem. Chem. Phys. 2006, 8, 5359-5365. 
doi:10.1039/B609511A 

30. Eckhard, K.; Schuhmann, W. Electrochim. Acta 2007, 53, 1164-1169. 
doi:10.1016/j.electacta.2007.02.028 

31. Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.; 
Witten, T. A. Nature 1997, 389, 827-829. doi: 10. 1038/39827 

32. Deegan, R. D. Phys. Rev. E2000, 61, 475-485. 
doi: 1 0. 1 1 03/PhysRevE.61 .475 

33. Zhang, B.; Zhang, Y.; White, H. S. Anal. Chem. 2004, 76, 6229-6238. 
doi:10.1021/ac049288r 

34. Zhang, B.; Galusha, J.; Shiozawa, P. G.; Wang, G.; Bergren, A. J.; 
Jones, R. M.; White, R. J.; Ervin, E. N.; Cauley, C. C; White, H. S. 
Anal. Chem. 2007, 79, 4778-4787. doi:10.1021/ac070609j 

35. Lee, S. J.; Mukerjee, S.; McBreen, J.; Rho, Y. W.; Kho, Y. T.; Lee, T. H. 
Electrochim. Acta 1998, 43, 3693-3701. 

doi: 1 0. 1 01 6/S001 3-4686(98)001 27-3 

36. Thompson, S. D.; Jordan, L. R.; Forsyth, M. Electrochim. Acta 2001, 
46, 1657-1663. doi: 10.1 01 6/S001 3-4686(00)00767-2 

37. Gasteiger, H. A.; Kocha, S. S.; Sompalli, B.; Wagner, F. T. 
Appl. Catai, 8 2005, 56, 9-35. doi:10.1016/j.apcatb.2004.06.021 



150 



BeilsteinJ. Nanotechnol. 2014, 5, 141-151. 



38. Nebel, M.; Grutzke, S.; Diab, N.; Schulte, A.; Schuhmann, W. 
Angew. Chem., Int. Ed. 2013, 52, 6335-6338. 
doi:10.1002/anie.201301098 

39. Nebel, M.; Grutzke, S.; Diab, N.; Schulte, A.; Schuhmann, W. 
Faraday Discuss. 2013, 164, 19-32. doi:10.1039/C3FD0001 1G 

40. Sode, A.; Nebel, M.; Pinyou, P.; Schmaderer, S.; Szeponik, J.; 
Plumere, N.; Schuhmann, W. Electroanalysis 2013, 25, 2084-2091. 
doi:10.1002/elan.201300258 

41. Ballesteros Katemann, B.; Schulte, A.; Schuhmann, W. Electroanalysis 
2004, 16, 60-65. doi:10.1002/elan.200302918 

42. Ballesteros Katemann, B.; Schuhmann, W. Electroanalysis 2002, 14, 
22-28. 

doi:10.1002/1521-4109(200201)14:K22::AID-ELAN22>3.0.CO;2-F 

43. Marken, F.; Eklund, J. C; Compton, R. G. J. Electroanal. Chem. 1995, 
395, 335-339. doi:10.1016/0022-0728(95)04268-S 

44. Hu, Z.; Ritzdorf, T. J. Electrochem. Soc. 2007, 154, D543-D549. 
doi:10.1 149/1.2768901 



License and Terms 

This is an Open Access article under the terms of the 
Creative Commons Attribution License 
( http ://creati vecommons . org/license s/by/ 2.0 ), which 
permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 

The license is subject to the Beilstein Journal of 
Nanotechnology terms and conditions: 
( http://www.beilstein-journals.org/bjnano ) 

The definitive version of this article is the electronic one 

which can be found at: 

doi:10.3762/bjnano.5.14 



151 



